Biodegradation of anionic surfactants, like sodium dodecyl sulfate (SDS) are challenged by some bacteria through the function of the enzyme alkyl sulfatases. Therefore, identifying and characterizing bacteria capable of degrading SDS with high alkyl sulfatase enzyme activity are pivotal.
INTRODUCTION
Phosphates in surfactants are excellent builders and are often used as either sodium tripolyphosphate or sodium/potassium phosphates like sodium dodecyl sulfate (SDS). SDS, a member of alkyl sulfates (AS) type anionic surfactants, is commonly used in a broad range of industries and released in large quantities to the environment (Sirisattha et al. ) . Hence, accumulation of these surfactants in river sediments (Rico-Rico et al. ), marine water and sediments (Petrovic et al. ) , infiltrated ground water (Field et al. ) and sewage effluents has often been reported (Ying ) . The toxic effects of SDS to various organisms like bivalves (Ostroumov & Widdows ) , aquatic plants (Forni et al. ) , algae (Ostroumov & Widdows ) , fishes (Rosety et al. ) and flatworms (Li ) have also been approved by several researchers. In wastewater treatment plants (WWTPs), the floc size of activated sludge decreases after contacting AS and this can severely disturb the efficiency of treatment in WWPTs. Aerobic treatment processes still provide conditions for rapid biodegradation of many surfactants (Ying ) . Anaerobic degradation of surfactants, on the other hand, varies depending on subclasses and molecular structures. AS and alkyl ether sulfates have been reported to undergo biodegradation in anaerobic digestion processes. However, when concentrations of linear primary AS are high, severe inhibition of methanogenesis can occur (Feitkenhauer & Meyer a, b) . Degradation of surfactants is very important to avoid their negative impacts (Liwarska-Bizukojc & Bizukojc ) . Therefore, the amount of these surfactants in wastewaters of many industries must be decreased to acceptable levels before discharging to water bodies. Many techniques have been used for removal of surfactants in aqueous solutions. Among these, ozonation and extraction are mostly not preferred due to excess amount of chemical requirement and high cost (Wu & Pendleton ) . Unlike ozonation and extraction, adsorption is economic, simple to design, easy to operate and resistant to possible toxic molecules like C12-14 diethoxy sulfate, since AS with alkyl chains longer than 12 carbons are more toxic to aquatic flora and fauna (Konnecker et al. ) . However, these advantages of adsorption process are only validated for low surfactant concentrations (Pavan et al. ) . Degradation of anionic surfactant by microorganisms, on the other hand, is one of the most promising methods for their removal (Zeng et al. ) . Although most of the anionic surfactants like SDS are known to be degradable in aerobic processes, in the case of mass discharges, high quantities are still released into receiving surface waters (Isobe ) .
The first step in the biodegradation pathway of SDS is the most crucial one. Through this step, some bacteria have the ability to utilize SDS as the sole source of carbon by the function of enzymes called alkyl sulfatases. The hydrolytic cleavage of the ester bond catalyzed by alkyl sulfatases leads to the formation of 1-dodecanol. Alcohol dehydrogenases oxidize 1-dodecanol to 1-dodecanoic acid which is utilized by the bacteria as a carbon source (Thomas & White ) . Metabolism of SDS by surfactant degrading bacterium Pseudomonas C12B has been studied using a 14 C radiotracer in combination with radio-thinlayer chromatography and radio gas-liquid chromatography. Metabolism is shown to be extensive with 70% release of radiolabelled CO 2 (Thomas & White ) . Analysis of the extractable lipids has established the sequential production from SDS to 1-dodecanol, dodecanal, and dodecanoic acid. Many bacterial isolates may exhibit alkylsulfatase activity even in the absence of surfactant contamination (White et al. ) . Bacteria involved in anionic surfactant biodegradation can be found in different genera, such as: Bacillus, Vibrio, Parvibaculum, Comamonas and Pseudomonas (Schleheck et al. ; Asok & Jisha ) . Due to a large number of microbial sources for alkyl sulfatases, further researches on novel sulfatase activities are desirable for fast treatment of surfactant polluted surface waters. For this purpose, isolation of prospective SDS degraders with high alkyl sulfatase enzyme activities have been subject to extensive research. Therefore, this study aimed at the isolation of SDS-degrading bacteria and assessment of their alkyl sulfatase enzyme activities from surfactant contaminated surface waters. Samples were diluted in the range of 0.5 to 2.0 mg/L final concentration of SDS using distilled water to a final volume of 5 mL for each sample. Then, 200 μL of 50 mM sodium tetraborate pH 10.5 was added into 5 mL of samples followed by the addition of 100 μL of slightly acidic methylene blue reagent. This solution was mixed using a mixer. Then, 4 mL of chloroform was added and stirred vigorously for 30 s and the mixture was allowed to separate and settle down for 5 min. The chloroform layer was separated using a separating funnel, and the absorbance was read at 652 using glass cuvette against blank chloroform with Lambda 650 UV/Vis Spectrophotometer (Perkin Elmer, USA). A standard solution of pure SDS was used to construct the calibration curves. Before expressing the results as mean ± standard deviation, all the experiments were run in triplicates.
MATERIALS AND METHODS

Screening of SDS degrading bacterial isolates
After being collected, the samples were put into sterile screw capped bottles aseptically, kept in an icebox containing ice packs and taken immediately to the laboratory. A quantity of 1 mL of water from each of the collected samples was dissolved in 9 mL sterile distilled water and serial dilutions were made. For the selective isolation of the SDS-degrading bacteria, each dilution was plated on minimal medium containing filter-sterilized SDS as a sole carbon source (Dhouib et al. ) . The SDS used in this study was SDS (SigmaAldrich L5750) with 92.5-100.5% based on total alkyl sulfate content basis. Plates were incubated at 30 W C for 10 days to screen SDS-degrading colonies. The isolates capable of surviving in minimal medium containing 1 g/L SDS were chosen for further screening. Depending on their morphological characteristics, each bacterial colony was collected and further purified with repeated streaking. Maximum tolerable SDS concentration of the selected isolates against increasing concentrations of SDS (1-70 g/L) with 5 g/L increments in minimal medium was evaluated until the strains were unable to grow. The short-and long-term storages of the isolates were done by using 2% agar solidified selective medium slants at 4 W C and by using 50% glycerol at À80 W C, respectively.
Measurement of SDS degradation abilities of the isolates
The ability of the isolates to degrade SDS was done as given below. A series of 250 mL Erlenmeyer flasks containing both 100 mL minimal medium and 1 g/L SDS were inoculated with 1% (v/v) overnight cultures. The growth of cultures at 30 W C and pH 7.5 was monitored at hourly intervals by using micro dilution test technique and Luria Broth Agar plates. After overnight incubation of the plates at 30 W C, all the bacteria were counted as the number of colony-forming units. All the experiments were done in triplicate and results were given as mean. During incubation, all the samples were studied for SDS degradation. The concentration of residual SDS was determined by measuring the intensity of methylene blue in a chloroform extraction process by using MBAS assay (Shukor et al. ) . All extracts were combined and diluted to 10 mL with chloroform before reading the absorbance at 652 nm against blank chloroform in a quartz cuvette. Standard solution of pure SDS was used to construct the calibration curves. Before expressing the results as mean ± standard deviation, all the experiments were run in triplicate.
Identification of the isolates by 16S rRNA sequencing
Genomic DNA was isolated and analyzed from the isolates by the method of Tan & Yiap () . The universal bacterial 16S rRNA primers, 27 F (5 0 -AGAGTTTGATCCTGGCT CAG-3 0 ) and 1492R (5 0 -GGTGTTTGATTGTTACGACTT-3 0 ) were used to amplify bacterial 16S rRNA (Lane ) . A 50 μL reaction mixture containing 1 μL (10 ng) of DNA extract, 5 mM each primers, 25 mM MgCl 2 , 2 mM dNTPs, 1.5 U of Taq polymerase and buffer (Fermentas, Germany) was used to perform polymerase chain reaction (PCR) by using the Thermo Scientific Piko Thermal Cycler (Thermo Scientific, USA (Benson & Karsch-Mizrachi ) . The distance matrix by using the Kimura two-parameter MEGA version 5.2 and the phylogenetic tree by using Weighbor were constructed (Shigematsu et al. ) . All the determined 16S rRNA sequences were deposited to GenBank through BankIt submission tool to get the European Molecular Biology Laboratory (EMBL) accession numbers.
Native-PAGE zymography analysis of alkyl sulfatases
Total proteins of the isolates were prepared by employing proteinase K digestion (Hitchcock & Brown ) . The protein contents of the isolates were analyzed with a discontinuous polyacrylamide gel electrophoresis (PAGE) system (Laemmli ) . For the analyses of alkyl sulfatase protein, a separating gel (10%) and a stacking gel (4%) containing urea (4 M) were used. Each sample containing 50 mg of protein was heated at 100 W C for 5 min in sample buffer before analyses. Escherichia coli DH5α was used as negative control. The Pageruler Plus Prestained Protein Ladder (Thermo Scientific) protein weight marker was used to construct the calibration curve for estimation of the protein molecular weight. Coomassie Brilliant Blue staining was used to visualize the proteins. For identification of alkyl sulfatase activity in cell extracts, native polyacrylamide gel electrophoresis (Native-PAGE) was used as described by Payne et al. () . Briefly, native-PAGE was carried out with crude cell extract (containing 150 μg of protein) in 6% polyacrylamide gel prepared in 0.378 M Tris-glycine buffer (pH 8.3). The electrophoresis was run at 100 V and 4 W C. A developing solution containing 20 mM SDS in 0.1 M Tris-Cl at pH 7.5 was used to incubate extruded gels at 30 W C. The white bands of insoluble alcohol droplets were used to reveal the location of active alkyl sulfatases.
Preparation of crude cell extracts and alkyl sulfatase activity assay
Preparation of crude cell extract was done as suggested by Ellis et al. () . Bacterial cells were grown in phosphate-buffered medium with 1 g/L SDS as a sole source of carbon. Centrifugation at 10.000 rpm for 20 min at 4 W C was done by using Sorvall RC-5B centrifuge (Sorvall Instruments DuPont, USA) to harvest the cells at their mid logarithmic phase. The obtained pellets were washed twice and resuspended in a 10 mM Tris-HCl solution at pH 7.5. A sonication with a Branson Sonifier 450 sonicator (Branson Ultrasonics Corp., Danbury, CT, USA) for 3 min was applied to rupture cells in the Eppendorf tubes kept on ice. After sonication, the cell debris was discarded through 10 min centrifugation at 12.000 rpm and 4 W C. The obtained cell extracts were stored at À20 W C to use in alkyl sulfatase activity assays.
Alkyl sulfatase activity in the crude cell extracts was determined as indicated by Ellis et al. () . A 10 to 50 μL crude cell extract containing approximately 40 μg protein was incubated at 30 W C in a 1 mL 10 mM Tris-HCl solution at pH 7.5 with 50 μg/mL final SDS concentration. At fixed intervals, a 100 μL of sample was taken to measure the residual SDS content through the MBAS method. During the activity assays, one unit of enzyme activity was taken as the amount of enzyme used to convert 1 μmol of SDS per minute.
RESULTS AND DISCUSSION
Measurement of anionic surfactant composition of the water samples
The water samples collected from 12 different stations of the river were analyzed for the measurement of SDS. The content of MBAS as SDS equivalent in all of the sampling stations was found to be more than 1.50 ± 0.15 mg/L (Table 1) . The sampling stations of 1, 2, 3, 5, 6, 7, 8, 10, and 11 showed high amounts of SDS in all seasons tested. Lowest amount of SDS measurements were mostly obtained during the spring period which was accounted for rains. Anionic surfactants are generally used in household detergents, surface cleaners, shampoos, hand dishwashing liquids, laundry detergents and cosmetic care products. They are also used as starting materials in the production wide range of chemicals (Olkowska et al. ) . After use, these surfactants can be found together with the distinct mixture of pollutants that arrive to WWTPs or are discharged directly into the aquatic environment ( 
Selection of SDS-degrading bacterial isolates and determination of SDS-degrading abilities
Bacterial screening was conducted using SDS as a sole source of carbon as indicated by Icgen et al. () . Out of the 290 SDS degrading isolates obtained from enrichment culture, only 12 isolates showed 46-94 ± 2% SDS degradation in 24-54 h incubation time (Figure 1 ). These isolates were designated as SDS3, SDS4, SDS6, SDS7, SDS8, SDS10, SDS10-1, SDS10-2, SDS10-3, SDS11, SDS12, and SDS12-1 (Table 1 ). 94 ± 2% of the SDS was removed by the isolate SDS10 in 36 h. On the other hand, the isolates SDS3, SDS11, and SDS12 removed 78-88 ± 2% SDS in 24 h only. All of the isolates not only displayed optimum growth at 1 g/L SDS concentration, but also tolerated SDS at a concentration up to 15-75 g/L. Although the isolate SDS10-3 was the slowest SDS degrader with 52 ± 2% degradation ability in 54 h, it was able to grow even at 75 g/L SDS concentration. Several studies have also described aerobic degradation of surfactants (Scott & Jones ) . Biodegradation of surfactants in natural environments or in biological treatment usually requires mixed bacterial cultures or consortium (Swisher ). However, this study revealed several single cultures with 74-94 ± 2% biodegradation abilities. These results suggested the use of a single culture as a promising and low cost method for anionic surfactant elimination in a household and industrial sewages. Therefore, different pure cultures isolated from surfactant-contaminated surface waters are necessary for having a better insights in their surfactant degradation abilities. Several bacteria are able to degrade 1 g/L SDS in less than one day (Chaturvedi & Kumar ) , but at concentrations higher than critical micelle concentration (CMC) of 2.4 g/L SDS, can become inhibitory. Lima et al. () reported the inhibition of Pseudomonas sp. LBBMA 101B strain at a SDS concentration 4 times its CMC. Shukor et al. () showed the inhibition of Klebsiella oxytoca with 10 g/L SDS. Abboud et al. () also reported the inhibition of the consortium formed by Acinetobacter calcoaceticus and Pantoea agglomerans in the presence of 8 g/L SDS. Conversely for these studies, the SDS degrading bacteria isolated in the current study displayed high tolerance towards the inhibitory effect of SDS.
Identification of SDS-degrading isolates through 16S
rRNA sequence analysis 16S rRNA sequencing was used to identify 12 SDS-degrading isolates (Figure 2) . Depending on the phylogenetic analysis, 11 isolates, namely SDS3, SDS4, SDS6, SDS8, SDS10, SDS10-1, SDS10-2, SDS10-3, SDS11, SDS12 and SDS12-1, were identified as various species of Pseudomonas with 93-99% homologies (Table 2) . Among them, three P. fluorescens (SDS3, SDS6 and SDS12-1), two P. koreensis (SDS4 and SDS10-1), two P. baetica (SDS8 and SDS12), one P. migula (SDS10), P. resinovorans (SDS10-2), P. corrugata (SDS10-3) and P. kilonensis (SDS11) were identified. Only one isolate, SDS7, was identified as Aeromonas veronii with 97% homology. Since SDS is often used as model compound for AS degradation (Abboud et al. ) and is present in many cosmetics and personal hygiene products (Sirisattha et al. ) , many studies focused on bacterial degradation of SDS. SDSdegrading bacteria are mainly Gram-negative bacteria. Pseudomonas are by far more frequently associated with SDS degradation (Asok & Jisha ) . These findings were in agreement with the results of the current study. However, the current study also revealed another Gram-negative bacteria, A. veronii, as a promising SDS degrader.
Determination of proteolytic activities of alkyl sulfatases
Zymography is a technique for studying hydrolytic enzymes on the basis of substrate degradation. The zymographic techniques are often applied to detect the proteolytic activities of extracellular proteases like alkyl sulfatase (Vandooren et al. ). This technique is highly helpful for identification of the enzyme and estimation of its molecular weights in both active and inactive forms. In the current study, clearly observable bands corresponding to 77 kDa inactive alkyl sulfatase enzyme protein were obtained with PAGE analyses of 12 bacterial cell protein extracts (Figure 3) . Accordingly, a very well defined active alkyl sulfatase protein bands corresponding to 152 kDa were also obtained for all of the isolates with native-PAGE zymography (Figure 3 ). The purity of enzyme was also confirmed by the presence of single band in native PAGE. The alkyl sulphatase extracted from the crude cell free lysate after disruption of the cells was used for the measurement of alkyl sulphatase activity at optimum pH 7.5 at 30 W C as suggested by Asok & Jisha () . The alkyl sulfatases activities of the isolates were shown to be in between 1.32 and 2.90 U/mg ( Table 2 ). The isolates P. migula SDS10, P. koreensis SDS10-1, P. fluorescens SDS3, P. baetica SDS8, and P. fluorescens SDS12-1 showed highest (2.8-2.9 U/mg) alkyl sulfatase activities (Figure 4) . The lowest alky sulfatase activity of 1.32 U/mg was obtained from the isolate P. corrugata SDS10-3. The alkyl sulfatase activity of the only non-Pseudomonas isolate Aeromonas veronii SDS7 was 2.50 U/mg. The study also revealed that the isolates with the alkyl sulfatase activities of !2.50 U/mg had more than 70% SDS degradation ability. At increasing enzyme concentrations, the rate of SDS degradation was found to be increased up to 4% enzyme concentration and was stable thereafter. Several other researchers have also reported various alkyl sulfatase activities in crude extracts isolated from different microbial sources (Shukor et al. ; Sharma & Rathore ).
CONCLUSIONS
The effective removal of anionic surfactants alone like SDS from contaminated waters usually requires microbial population or consortium. However, this study elucidated single species of Aeromonas and Pseudomonas with 74 to 94% SDS degradation abilities in 36 to 48 h. Due to their strong SDS degradation abilities and alkyl sufatase enzyme activities !2.50 U/mg, the isolates obtained in this study would have great application in bioremediation of SDScontaminated surface waters.
